The mechanism of ion bombardment induced magnetic patterning of exchange bias layer systems for creating engineered magnetic stray field landscapes is still unclear. We compare results from vectorial magneto-optic Kerr effect measurements to a recently proposed model with time dependent rotatable magnetic anisotropy. Results show massive reduction of rotational magnetic anisotropy compared to all other magnetic anisotropies. We disprove the assumption of comparable weakening of all magnetic anisotropies and show that ion bombardment mainly influences smaller grains in the antiferromagnet.
INTRODUCTION
Polycrystalline double layers of an antiferromagnet (AF) and a ferromagnet (F) show a unidirectional magnetic anisotropy (UDA), which is called exchange bias (EB) [1, 2] . The resulting pinned magnetization direction is commonly used in magnetic sensors as a reference electrode [3] . With the possibility to modify the local direction of the UDA by light ion bombardment induced magnetic patterning (IBMP [4] [5] [6] [7] [8] ), micromagnetic configurations with designed magnetic stray field landscapes can be tailored [9, 10] . This opens a door to a whole set of new applications, which, e.g., will be a central part of magnetic particle transport in lab-on-chip applications for biosensing [11] [12] [13] [14] .
Among various models trying to explain EB [15] [16] [17] , one class of models is particularly suited to describe EB in polycrystalline layer systems using a classification of AF grains into different categories of thermal stability [18] [19] [20] . In the Stoner-Wohlfarth-approach [21, 22] on the other hand, the magnetic anisotropies induced by thermally stable and unstable grains are modeled with UDA and rotational magnetic anisotropy (RMA), respectively [23, 24] . Recently, we could improve these coherent rotation models introducing the average relaxation time of thermally unstable grains as a parameter to describe the contribution of RMA [25] . Calculations of the EB field H EB and coercive field H C using this approach have been compared to experiments on magnetization reversal as a function of external magnetic in-plane field angle. The new model described the experiments very well and allowed a meaningful determination of material parameters. The model may enable additionally to investigate the microscopic mechanisms of IBMP when determining the change of material parameters upon light-ion bombardment (IB).
IBMP is caused by hyperthermal energy transfer from He ions to the EB system, layer intermixing and defect creation [19, 26] . These sources of energy deposition may change all involved anisotropies of the EB layer system, such as the well known modification of the EB itself. The different processes and their possibly different consequences on magnetic characteristics of EB layer systems, however, have as yet not been disentangled because it is not possible to experimentally investigate them individually. Nevertheless, with detailed knowledge of IB it might be possible to influence the different anisotropies individually leading to an improved usability of EB systems, e.g. reducing coercivity without changing the magnitude of H EB .
In this work, we investigate the influence of IB on the magnetic properties of EB layer systems quantitatively by analysing the magnetization measured under variation of the inplane external magnetic field angle ϕ ext for different He ion doses D. By fitting the magnetic material properties of the model given in Ref. [25] Magnetization curves as a function of ϕ ext were measured using vectorial magneto-optic Kerr effect (MOKE) magnetometry as described in Ref. [25, 28, 29] . In the setup longitudinal and transversal components of the magnetization are detected by analyzing polarization and intensity of the reflected light from a 632 nm diode laser, respectively. Magnetization curves were measured using 300 external magnetic field steps in a range of ±80 kA/m within 80 seconds. For each sample ϕ ext was varied in the range of 450
• with a resolution of 1 • .
Absence of significant training effects was verified by comparing data from 0
• to 90
• with 360
• to 450
• .
MODEL
For the numerical calculations the model of Ref. [25] was used, which is based on the coherent rotation approach from Stoner and Wohlfarth [21, 22] calculating the angle of the F magnetization direction β F with respect to the x-axis (see FIG. 1 for an overview of magnetic anisotropy and angle definitions). There, magnetic anisotropy of the F was assumed to be uniaxial (FUMA) with the energy volume density K F while the influence of the AF was modeled with two different magnetic anisotropy energies connected to different classes of grains [18] [19] [20] in the AF. While grains of Class I and IV do not induce anisotropy
Graphical illustration of angles and vectors for the used model in a polar coordinate system. M F is the magnetization vector of the F layer and β F its azimuth. K F is the energy density per unit volume of the FUMA and γ F the azimuth of its magnetic easy direction. H ext is the external magnetic field vector with the azimuth ϕ ext . J eff EB (J eff C ) is the energy area density of the UDA (RMA) with the corresponding azimuth γ EB (γ RMA ). Taken from Ref. [25] .
in the coherent rotation model, influence of thermally stable grains of Class III is taken into account by UDA. Influence of thermally unstable grains (Class II) is modeled with RMA by considering an average relaxation time τ avg for all grains of the corresponding class. The energy area density of UDA and RMA is J eff EB and J eff C , respectively, and is connected to the number of AF grains in each category. The energy area density of the system in total is
(1)
Here, µ 0 is the magnetic permeability in vacuum, M sat the saturation magnetization of the F with thickness t F . H ext and ϕ ext are strength and direction of the external magnetic field, respectively. γ F , γ EB and γ RMA are the angles between the x-axis of the coordinate system and the magnetic easy directions of FUMA, UDA and RMA, respectively (cf Fig 1) . While γ F and γ EB emerge from sample processing γ RMA is connected to β F via τ avg with the time t [25] . ). This data is in accordance with previous magnetic easy axis hysteresis measurements [4, 6, 34] . In addition, the fine structure near the magnetic easy axis of the system is reduced for higher ion doses and almost vanishes for the highest ion dose so H EB (ϕ ext ) almost forms a sine function indicating a reduction of the FUMA. 
RESULTS

The relations
as derived in Ref. [35] . J eff EB as a function of D is the only relation showing a dependence on the direction of H IB (cf Fig. 3 (a) ). In the ↑↑IB case J K F as the characteristic quantity of FUMA shows a decrease for higher D and is reduced to roughly 25 % of the initial value for D = 10 16 ions cm −2 (cf Fig. 3 (b) ) which is in qualitative accordance to previous studies of a different material system of a pure F [37] .
The reduction of anisotropy can be attributed to the ion induced defect creation in the F layer leading to a decrease of crystalline order. K F shows no dependence on the direction of
For J eff C and τ avg , which are used to describe the thermally unstable grains of Class II, again, no influence of the H IB direction on the dose dependency was detected (cf Fig. 3 (c), (d)) ).
This was suspected although the magnetic state of these grains is affected by the external field during IB because the magnetic state is thermally unstable and, therefore, the magnetic conditions during the field cooling process are not memorized. J eff C shows a massive decrease to only 10 % of the initial value for higher ion doses of D = 10 16 ions cm −2 . For small ion doses τ avg is increased slightly while it is not possible to determine a trend for higher ion doses due to the large uncertainty. As the influence of RMA decreases rapidly with higher ion dose a precise determination of its time dependency is not possible anymore.
Summing up IB suppresses RMA much more than UDA (by factor of 5 at D = 10
This is a surprising result if one would assume a statistical distribution of defects in all AF grains as we will see in the following discussion. In first order, the energy densities of both, RMA and UDA, can be approximated as the product of two quantities. Firstly, the number of grains in the respective Class (II for RMA, III for UDA) and secondly, the microscopic F/AF exchange interaction constant J F/AF,i . Both are altered by defect creation as IB not only decreases J F/AF,i but also the magnetic anisotropy of AF grains K AF [19] . Thus, thermal stability of AF grains is changed leading to different numbers of grains in each category.
Let us discuss how UDA and RMA would evolve in case of evenly distributed defects. Here, • for an AF with a Néel temperature of 400
• should be rather low [20] . grains could be less thick, i.e. their spatial extension orthogonal to the F/AF interface is smaller, which makes them prone to be affected by intermixing. Secondly, their proportion of surface atoms is higher. At room temperature the chance of recombination after defect creation in bulk is 99 % [38] so that most of the created defects vanish quickly. In case of surface atoms displaced atoms could be out of range for recombination reducing their chance of recombination.
Summing up, the influence of IB cannot be described by a comparable weakening of all magnetic anisotropies. In fact, IB seems to have a stronger effect on smaller grains with an increased proportion of surface atoms and/or a smaller thickness. 
